The ordering process and kinetics in thin films ͑200-800-nm thick͒ of a thermotropic side-chain liquidcrystalline polymer have been investigated vertically and laterally, respectively, by x-ray reflectivity and atomic-force microscopy. The original smooth and amorphous spin-coated films initially become corrugated upon annealing in the smectic mesophase. The roughening of the surface results from the formation of randomly oriented microcrystalline domains in the film. At the same time, however, a laterally macroscopic crystal starts to grow from the substrate surface in the direction of the polymer-air interface at the expense of these domain structures. Finally, a nicely ordered single crystal with parallel-ordered bilayers is formed in the film as well as at the polymer-air interface. This one-dimensional crystallization, actually recrystallization, depends strongly on the temperature due to viscosity effects. At low temperatures, just above the glasstransition temperature, the ordering is very slow, but with increasing temperature the crystal growth is faster. An Arrhenius-type plot gives an activation energy of 122 kJ/mol, which we ascribe to the expected reorientations of the mesogenic groups during the recrystallization process. ͓S1063-651X͑99͒08209-4͔
I. INTRODUCTION
Liquid-crystalline materials represent an important field of study with many practical applications. Part of this field concerns liquid-crystalline polymers ͑LCPs͒. The study of thin films of such materials started about five years ago with the discovery that in thin films of thermotropic liquidcrystalline polymers ͑on a smooth substrate͒ perfect ordering can be achieved by a thermal treatment ͓1-4͔. This kind of epitaxy results in a perfectly ordered one-dimensional single crystal. As a result of the ordering process, nanoscale surface structures appear. So far, the layering process ͑a kind of onedimensional crystallization͒ and its kinetics have not been studied systematically.
In the case of classical polymers, crystallization can take place when their melts or solutions are cooled. Crystallization has also been investigated for thin films and close to interfaces ͓5,6͔. One finding is that in thin films the crystal growth is definitely slower as compared to that in bulk due to the slowing down of the diffusion of molecules. Between the melting temperature and the glass-transition temperature the crystallization rate of polymers has a maximum. Starting from the melting point the rate of secondary nucleation increases as undercooling increases. However, at lower temperatures transport processes are slower due to the increasing viscosity, which will reduce the growth rate ͓7,8͔.
As for crystallization of classical polymers, the annealing temperature, the annealing time, and the film thickness of thin LCP films will play a crucial role in the ordering ͑crys-tallization͒ process. By changing these parameters it should be possible to influence the dynamics of ordering in and the final surface topography of thin liquid-crystalline polymer films and hence, to control the formation of ͑nanoscale͒ surface structures. Therefore, it is important to know how the crystallization process in thin LCP films takes place and on what time scale the ordering is completed.
The combination of x-ray reflectometry ͑XRR͒ and atomic-force microscopy ͑AFM͒ gives a good view on the morphology of and structures in the film and their changes in time. This motivates the present study.
II. EXPERIMENTAL SECTION
Films were prepared by spin coating from a 1,2-dichloroethane solution of the liquid-crystalline polymer LCP-C9 ͑depicted in Fig. 1͒ on silicon wafers ͑Wacker Chemitronics͒. Film thicknesses of about 200 and 800 nm were prepared. For the synthesis of the polymer, the cleaning of the substrates, and the spin-coating conditions, we refer to previous works ͓9-11͔. The main step in the cleaning procedure is a plasma treatment.
The polymer used has a degree of polymerization of around 10 and has a glass-transition temperature, T g , of 99°C. Above this temperature two interdigitated smectic phases appear: a smectic B phase above 99°C and a smectic Ad phase above 112°C. The isotropization ͑melting͒ temperature (T i ) is at 165°C. Full details about the synthesis and bulk characterization can be found elsewhere ͓10,11͔.
The samples were annealed on a hot stage at different temperatures for varying time intervals. Because of the finite time needed to heat up the sample ͑a few seconds͒ an uncertainty is present in the annealing time and temperature. To minimize the relative uncertainty as much as possible all samples were annealed for at least 20 s, after which they were immediately cooled down on a cold red copper plate ͑stored in a refrigerator at Ϫ6°C͒. In this way the temperature of the film is dropped rapidly to below T g and the structure within the film is quenched.
In between the heating steps the films were analyzed at room temperature using an x-ray reflectometer ͑X'pert, Philips, SR5082͒ with a copper-anode tube. Symmetrical -2 scans were performed with an incidence angle below 1.75°a nd the specular reflection was measured. A germanium 4-crystal monochromator ͑Ge220AS͒ with a divergence of 0.0042°was used for the incident beam, and the reflected beam is measured using a gas-filled detector with a 0.1-mm slit. The wavelength of the Cu K␣ beam is 0.154 nm. Analysis of the reflectivity data, resulting in electron-density profiles, thicknesses, and interfacial roughnesses, requires model assumptions. In model-fit calculations ͑program PHILIPS WINGIXA V1.1͒ the reflectivity is calculated and compared with the experimental data. Details about this program and the underlying method have been described by De Boer and co-workers ͓12,13͔.
The surface topography was investigated by AFM ͑Nano-scope III, Digital Instruments, Santa Barbara, CA͒ at room temperature, both for the as-prepared films and after annealing, in both contact mode ͑silicon-nitride cantilevers, spring constant about 0.58 N/m͒ as well as tapping mode ͑silicon cantilevers, spring constant between 25 and 110 N/m, and drive frequency of about 370 kHz͒.
III. RESULTS AND DISCUSSION

A. Crystallization processes
The investigated films ͑thickness 200 and 800 nm͒ are initially amorphous after spin coating ͑at room temperature͒ and have a smooth surface ͑roughness less than 1 nm, as determined by XRR and AFM. Upon annealing the films for several seconds in the mesophasic temperature range the polymer surface begins to roughen. Irregular structures are formed, the size of which increases with the film thickness.
As an example, we show in Fig. 2͑a͒ the surface topography ͑AFM image͒ of a film of 210-nm thickness annealed at 140°C for 30 s. In Fig. 2͑a͒ the width and height of the corrugations are typically about 500 and 25 nm, respectively.
Under an optical microscope with crossed polarizers one also sees these small structures in the film.
After prolonged annealing ͑a few minutes͒ the domains, which were initially visible under crossed polarizers, disappear. However, the film does not become smooth. Under the AFM, a complicated structure with multiple terraces is found. This is shown in Fig. 2͑b͒ , which has been taken after a total annealing time at 140°C of 1.5 min. It can be seen that the terraces are bounded by a smooth circumference. The typical lateral size of the ''hills'' is now about 1 m. Further annealing ͑total annealing time 20 min͒ results in the growth of the terraces together with a reduction in their number, as shown in Fig. 2͑c͒ . For this growth to occur molecules have to be transported within the bilayers, as well as cross over from one bilayer into a neighboring one. Ausserré et al. ͓14͔ have modeled this process of permeation and interlayer transport of molecules.
A very striking ''landscape'' is given in Fig. 3 for a film of about a 800-nm thickness, which was annealed at 145°C for 10 min. Up to 20 terrace levels can be seen. The step height between terraces ͑3.2 nm͒ corresponds precisely to the spacing of one interdigitated bilayer ͓4͔ The lateral size of the terraces is of the order of microns. When we compare Figs. 2͑b͒ and 2͑c͒ with Fig. 3 , it seems that the thickness of the original film has an influence on the final size of the terraced ''hills.'' It is striking that the terraces are all perfectly parallel to the substrate. We note that the terraces have sharp edges but very smooth perimeters ͓Figs. 2͑b͒, 2͑c͒ and 3͔, which is indicative of a tendency to minimize the length of circumference, i.e., a line tension operates. The time scale in which this layering process takes place is another striking point; it all happens ͑for these temperatures͒ within a few minutes.
In the following, we try to interpret these results. Clearly, a description in terms of equilibrium does not make sense, since this would always require the total free energy and, hence the total surface area to be minimal. Hence, we have to consider the sample history. This brings us to the following scenario.
Below the isotropization temperature (T i ) the amorphous phase is metastable. As soon as the initially vitreous polymer is heated to a temperature above T g in the smectic range, liquid crystalline ͑LC͒ domains may nucleate anywhere in the film. These nuclei are oriented randomly. As they grow, they will eventually reach the surface of the film, but this does not stop their growth. Should the crystallization go on, this would eventually lead to a polycrystalline material with a concomitant rough surface. However, this is not the only process. Simultaneously with the crystallization in the bulk of the film, a macroscopic crystal begins to grow from the surface of the substrate upward. The presence of such a crystal could be demonstrated with x-ray reflectivity. An extensive description of the x-ray data is given in Sec. III B. However, in Fig. 4 we already present an electron-density profile ͑as extracted from a model fit of the x-ray reflection spectrum ͓4͔͒ for a film of 210-nm thickness, which was annealed during 20 s at 140°C. After such a short time the topography of the free surface of this polymer film ͑as monitored by AFM͒ does not show any terraces yet ͓surface topography comparable with the one given in Fig. 2͑a͔͒ . Still, we find that about 45 ordered layers are present at the substrate surface, whereas the top layer is not yet stratified in this way. This proves that a large crystal is growing from the wafer in the direction of the polymer-air interface. It seems that the substrate acts as an external field in imposing the orientation. This is not very surprising, because we expect attractions between the maleic anhydride groups in the polymer backbone and the silicon surface ͓15-18͔, which will help to impose the ordering. Some ordering is even present above the isotropization temperature in the form of a single stable bilayer as shown in a previous work ͓9͔. Obviously, the free surface does not act like an external field ͑in contrast to the case of lamellar ordering in thin copolymer films ͓19,20͔͒ and this surface then becomes rough. Somewhat later, the terraces appear. Apparently, the large stable crystal grows at the expense of the smaller domains that were responsible for the roughness. It is this Ostwald ripening process, or recrystallization that produces the layering, while preserving the corrugations formed in the first few seconds, with terraces as a result. Apparently, molecules are not transported over large distances, so that macroscopic smoothing cannot occur, or occurs very slowly.
Somewhat similar ''landscapes'' have been observed during deposition of thin silver films ͓21͔. However, the mechanism of formation is different: the Ag terraces are a consequence of layer-by-layer growth of an Ag͑111͒ crystal from the vapor phase, induced by the presence of surface active additives like Sb. Hence, new material is added in the course of time, in contrast to what occurs in our system where there is no transport from a dilute phase.
B. Kinetics of one-dimensional "re…crystallization
The growth of the layered structures in time in films of about a 200-nm thickness was examined more closely by XRR. With this technique it is possible to follow the layering process in the direction perpendicular to the substrate surface. The samples were annealed at different temperatures in the mesophase at 105, 115, 140, 147, 155, 160, and 164°C, respectively. The as-prepared films show Kiessig fringes in the reflectograms ͑an example is given in Fig. 5 , trace a͒, which indicates that the surfaces are smooth.
Upon annealing these fringes remain, but also a Bragg peak appears at a certain moment in the reflectivity curves at all temperatures mentioned above. In Fig. 5 examples are given for films annealed at 140 and 160°C, respectively.
The Bragg reflectivity arises from the periodicity of the layers. Its intensity increases with annealing time, which reflects the increase in the number of ordered layers in time. The Bragg peak occurs around ϭ1.5°. From Fig. 5 it is clear that in the course of time the position of the peak shifts to higher angles, from about 1.45 to 1.5°. This corresponds to a ͑small͒ decrease in layer spacing from 3.0 to 2.9 nm. Furthermore, upon reaching the final stage of layering the Bragg peak becomes narrower and additional Kiessig fringes appear around the Bragg peak. The observations mentioned above ͑intensity increase, sharpening, and structuring of the peak͒ indicate that the system becomes more and more ordered. Finally, a perfect one-dimensional crystal appears.
The time after which the Bragg reflections appear depends on the annealing temperature. At 105°C, just above the T g , the Bragg peak is hardly visible even after annealing for 7 min ͑not shown͒. At higher annealing temperatures the Bragg peak appears sooner and its intensity increases faster. When annealed just below T i , the Bragg peak has already reached its maximum intensity and established its detailed surrounding fringe structure within the first annealing treatment of 20 s ͑Fig. 5͒. A further annealing step has hardly any further effect on the reflectivity curves. This was even the case at temperatures very close to T i , i.e., nearly 164°C! From the reflectivity spectra it is possible to extract the number of ordered layers by using model-fit calculations. In the model we make use of the fact that we have a stack of interdigitated bilayers, each of which can be separated into four regions. As reported in another paper ͓4͔ the different regions within one bilayer are successively a backbone region, a spacer region, a mesogenic region, and another spacer region. Important parameters in the model are film thickness, interfacial roughness, electron density per region, number of bilayers, and ͑sometimes͒ fluctuations or a gradient in the bilayer spacing.
The number of bilayers was determined after successive annealing steps. Because of the fluctuations in the ordering it was sometimes not possible to do this with high precision. The overall accuracy is about 5-10%. From the number of layers found at different annealing times and temperatures the rate of monocrystal growth ͑nm/s͒ can be determined. This rate is plotted in Fig. 6͑a͒ as a function of temperature. As was stated above, the crystal layer growth depends strongly on the temperature. In the case of annealing above 155°C layering was already complete in less than 20 s of annealing, corresponding to a growth rate of at least 10 nm/s. Since our sample preparation ͑annealing͒ procedure does not allow us to determine the actual rate in this case, a question mark is shown in Fig. 6͑a͒ .
As mentioned in the Introduction, the viscosity and the undercooling together determine the rate of crystal growth of common ͑polymer͒ crystals. However, in our case we are dealing with a kind of recrystallization. The driving force is then not the free-energy difference at the phase boundary ͑which is proportional to the undercooling for common crystal growth͒ but it is the reduction of the domain surface energy ͓22͔. Indeed, in our case, it seems that undercooling plays no ͑or only a very minor͒ role, since even at less than 1 degree below the isotropization temperature, i.e., hardly any undercooling, the layering occurs very fast.
An important aspect of the recrystallization process is the difference in orientation between the large crystal that starts from the substrate surface and the polycrystalline domains. Since this difference determines domain boundaries, reorientation of only the mesogenic groups at the grain boundary is enough to produce growth of the large single crystal; transport over large distances is not necessary. The viscosity plays the major part in these reorientations, hence also in our ordering process.
When the material is less viscous it is easier for the mesogenic groups to rotate around the backbone. In terms of dielectric spectroscopy this rotational motion gives rise to the so-called ␦ relaxation, which has been studied for different side-chain liquid-crystalline polymers ͑spacer length about 5-8 carbon atoms͒ ͓23-26͔. In those studies this reorientation process was investigated as a function of the temperature, showing an Arrhenius-type temperature dependence from which the activation energy E act can be derived. Typical values found are around 150-180 kJ/mol. In the case of small nematogens, i.e., low molecular weight liquid crystals, activation energies in the range of 60-90 kJ/mol have been reported ͓27͔. In the former case, the rotation is evidently more cooperative and micro-Brownian motions of the polymer are a necessary prerequisite.
When we make an Arrhenius plot of our data ͓Fig. 6͑b͔͒ we also obtain a straight line. The activation energy, derived from the slope according to the Arrhenius equation ln Vϭ ϪE act /RTϩconst, gives E act ϭ122 kJ/mol. This value is in between the values obtained from dielectric measurements for other LCP and LC systems, as discussed above. Since our polymers are very short (nϭ10) and are actually oligomers, it is plausible that the motion of the mesogenic groups is less restricted by the motion of the backbone than for polymers of high molar mass (nХ50). Compared to small nematogens, of course, the motion will be more restricted. Hence, one may anticipate an intermediate activation energy, in between that for LCPs and for LCs, as indeed found for our system. 
IV. CONCLUSIONS
Initially rough films of an isotropic polymer normally tend to become smooth upon heating in order to lower the surface free energy. However, films of a thermotropic sidechain liquid-crystalline polymer can be highly anisotropic and behave quite differently. Initially, the crystallization process in the film occurs in randomly oriented domains. However, at the substrate surface a large crystal of parallelordered ͑bi͒layers starts to grow from the surface. This laterally macroscopic crystal grows at the expense of the randomly oriented domain structures until the whole film is layered parallel to the substrate surface. The crystal growth rate depends strongly on the temperature and increases by more than two orders of magnitude over the whole mesophasic temperature range. In this crystallization process the effect of polymer viscosity dominates; the effect of undercooling is very small since our films undergo a recrystallization process. Rotation of the mesogenic groups around the polymer backbone is enough to promote layer growth in the film. The activation energy for this process is 122 kJ/mol, as derived from an Arrhenius plot. This value is in the expected range, taking data for other systems ͑LCP and LC͒ obtained by dielectric spectroscopy into account.
At the end of the recrystallization process a super crystal remains with very striking nanosized surface patterns. This ''molecular landscaping'' process may have interesting applications if it can be externally controlled. It is clear from our result that the growth of the macroscopic crystal retains, to some extent, the initial surface topography. We, therefore, could speculate that it would be possible to mechanically impose a certain surface topography, which subsequently could be annealed towards a perfectly terraced surface structure.
